Hole burning of the N-D stretches of the deuterium-doped glycine hydrochloride results in holes and antiholes in the various regions of the spectrum. These can be assigned to various orientations of the NH 2 D + moiety. Bands at about 800 cm -1 are probably the amino group rocks, but the other changing bands must arise from complex mixtures of the valence vibrations. The hole burning takes considerable time, on the order of 1 h, and puts most of the NH 2 D + in the orientation of lowest energy.
Introduction
We have recently shown that we can hole-burn a number of amino acid salts. 1 The salts are doped with deuterium to form some NH 2 D + . Irradiation of the N-D stretching bands then results in rotation of the NH 2 D + moiety and forms a number of spectral holes and antiholes. So far, only glycine and alanine hydrochlorides in the N-D stretching region have been investigated. We note, however, that the hole burning seems to be widely applicable, and we have been able to hole-burn a number of other amino acid salts 2 as well as many ammonium salts. 3, 4 In view of the importance of amino acids as the building blocks of proteins and the widespread use of vibrational spectroscopy for analysis, we have considered the simplest amino acid salt, glycine hydrochloride, in more detail. The vibrations and spectra of the simple amino acids and their salts were analyzed as much as possible in the 1950s using the methods then available. Hole burning is a new technique to use in trying to resolve longstanding problems. The hole burning rotates the NH 2 D + group and thus changes the configuration of the amino acid molecule. This changes all the vibrational bands that are sensitive to the NH 2 D + orientation, and so it is not surprising that we are able to find holes and antiholes at the positions of the amino deformation and rocking bands as well as at the position of the N-D stretches. In addition, we are able to repeat the hole-burning experiments with N 15 -glycine, and this further characterizes the infrared bands.
The vibrational spectra of glycine hydrochloride and its isotopomers below 2000 cm -1 have been systematically investigated and assigned by Tsuboi et al. 5 More recently, a number of studies have considered the region above 2500 cm -1 as well. [6] [7] [8] A continuing problem is the existence of numerous multiple bands due to combinations and Fermi resonances in both the amino acids and their salts. 1, 6, 8, 9, 10 The crystal structure of glycine hydrochloride has been studied by both X-ray and neutron diffraction, 11 and we list the neutron structural parameters for the hydrogen bonds in Table   1 . There are four hydrogen bonds, three for the NH 3 + and one for the OH group. Of the N-H hydrogen bonds, the one labeled "3" is bifurcated and very weak.
Experimental Section
The samples were prepared, as previously described, 1 by dissolving the glycine in slightly warm concentrated HCl containing a bit of D 2 O. The N 14 -glycine and the N 15 compound (98% N 15 -glycine) were from Aldrich (Chemical Abstracts numbers 56-40-6 and 7299-33-4, respectively).
Spectra were taken with different amounts of deuterium to make sure that only bands due to glycine-HCl molecules containing at most one deuterium atom were observed. The apparatus was also the same as previously described, and the spectra were taken with the MCT/B detector to cover the midinfrared. 1, 4 The gain on the MCT was sometimes set high in an attempt to see the weaker bands. If the overall signal was too large, the detector was driven nonlinear, yielding excess noise in the difference spectra at the position of the stronger bands. This accounts for some of the characteristics of the observed spectra noted below.
The laser irradiation time was 0.5-1 h. We found that letting the broad-band infrared source (the Nernst glower, which is the spectrometer source) irradiate the sample overnight led to holes and antiholes much like those produced by the laser irradiation. To determine whether any of the infrared bands we observe could be due to the other salt of glycine and hydrochloric acid, we made diglycine hydrochloride, (glycine) 2 HCl, doped it with some deuterium, and took the spectrum. The diglycine hydrochloride can be made straightforwardly by simply dissolving 2 equiv of glycine into 1 equiv of HCl. 12 The light path between the laser and sample is not completely purged of CO 2 . This has made hole burning in the region of the atmospheric absorption (≈2390-2290 cm -1 ) problematic, since the laser power at the sample is low and very dependent on the exact frequency. Another problem arises in comparing the spectra of two isotopomers. Since the sample has to be changed for each isotopomer, the baseline invariably changes as well. This adds uncertainty to the subtractions. The subtractions were done by adjusting the baseline on each spectrum separately, scaling to match the two spectra as well as possible, and then subtracting.
Results
The N-D stretching region of the N 14 -glycine hydrochlorides and of the N 15 -N 14 shift is about 9 cm -1 , which is the magnitude expected. Note that both compounds have complicated absorptions and holes at wavenumbers just below the position of the middle N-D stretch. At equilibrium, one might expect the NH 2 D + moiety to be in the position with the D forming the weakest, highest-frequency hydrogen bond, since this is the conformation that yields the lowest zero-point energy. The antiholes at 2368 and 2359 cm -1 indicate that this is indeed the conformation produced. We note, however, that the conformations produced by hole burning represent the steady state rather than equilibrium. The bands arising from the deuterium are those that appear in the difference between these two spectra. The fiducial lines are at 2368, 2238, and 2187 cm -1 . The upper panels show the results of irradiation of the deuterated sample with the broad-band source and with the laser set to 2187 and 2238 cm -1 , respectively. The spectra are the differences between those taken before irradiation and those taken after. Holes appear at 2238 and 2187 cm -1 with a small antihole at 2368 cm -1 . The laser irradiation time was 0.5-1 h. The irradiation time for broadband irradiation was about 11 h. Note the change in the vertical scale between the absorption spectra and the difference spectra. The figures also show the results of long (overnight) broadband infrared irradiation. The results of such irradiation depend on the absorption of the excitation in different regions of the spectrum, the various quantum efficiencies of the hole burning, and the dark transformation rates.
Most likely the broad-band irradiation effects hole burning in the region of the N-D stretches and perhaps at higher frequencies. The active spectral region could be determined experimentally by using infrared cutoff filters, but we did not do this. The similarity among results of the broad-band irradiation and those at discrete frequencies indicates that the irradiation times are all long compared to the dark rates, that is, the hole-burning spectra are close to the steady-state situation.
There is a prominent band at about 2190 cm -1 , which is close to bands that do burn, but does not burn itself. Curving fitting the bands for both the N 14 and N 15 spectra gives a peak at 2190 cm -1 in the N 14 spectrum and 2189 cm -1 in the N 15 spectrum. These are accompanied by two smaller peaks at 2187 and 2183 cm -1 (N 14 ) and 2184 and 2178 cm -1 (N 15 ). We assign the largest peak to the O-D stretch and the two others to the lowest frequency N-D stretch, which has been split, probably by a Fermi resonance.
Irradiating one of the N-D stretches rotates the NH 2 D + group to a new position, and the various deformations which involve the deuterium atom should change as well. Once again, we identify the bands by looking for the holes and antiholes. The mid-infrared spectrum for N 14 is shown in Figure 3 and that for N 15 is in Figure 4 . The upper panels show the holes and antiholes produced by irradiation of the N-D stretches. Figures  5, 6 , and 7 show expanded regions of these spectra. The holes and antiholes show up at about 780-840 cm -1 ( Figure 5 ), 950 to 1120 cm -1 (Figure 6 ), and 1270-1410 cm -1 (Figure 7) . The various sections of Figures 5, 6 , and 7 (i.e., the N 14 and the N 15 parts) are each to a different scale. In each case, the baseline has been adjusted to appear as flat as possible. Figures 3 and  4 show the peaks on one uniform scale, of course.
Most of the spectra that have been assigned previously are for the all-hydrogen glycine and its salts for both N 14 and N 15 and the compounds with all the amino hydrogens substituted by deuterium for both N 14 and N 15 . 5,7-10 In addition, some spectra have been recorded of glycine and its salts with the methylene group deuterated. This would normally be quite enough information to assign all the fundamental bands, but there are a number of indications that things are not so simple. For example, the N 15 shift for some of the NH 3 + deformations of both glycine and alanine have been reported as positive. 9 Since the shifts must be negative, 13 the bands must be misassigned, shifted by a Fermi resonance or subject to other complications.
Our spectra are, of course, for NH 2 D + and this requires interpolation between the spectra of NH 3 + and those of ND 3 + . The NH 3 + and ND 3 + stretches span representations A and E in C 3V . These will split into A′ and A′ + A′′ in C s and of course will be modified by the hydrogen bonding in the crystals, but the N-D stretch of the NH 2 D + should retain its unique character. Since the D can be in any one of three positions and the site symmetry is C 1 , each N-D stretch can be made up of a set of three bands. This set of three N-D stretches is identified in Figures 1 and 2 and Table 1 .
The bending modes of the NH 3 + (or ND 3 + ) are a symmetric deformation (A 1 ) and a degenerate deformation (E), together with the rock (E). 14 The last normal mode of the NH 3 + group is the torsion (A 2 ), which will not concern us further here. The E modes will break up into A′ and A′′ components in C s and of course into A + A in C 1 . We expect that the N-D bend character will be mostly in one deformation and one rock, and again each of these can be different in each of the three different N-D positions.
We start with the 800 cm -1 region. The spectra with deuterium show four clear isolated bands (Figure 5 ), and these include the NH 2 D + rocks. Three of these show small isotope shifts on changing from N 14 to N 15 ( Figure 5) . We see holes and antiholes on burning at the lower two of the three N-D stretching bands for both nitrogen isotopes. The third N-D stretch is too weak to use for producing holes in other regions of the spectrum, yielding only a small hole in the stretching region of the spectrum for N 15 ( Figure 2 ) and none at all for N 14 . Burning at the two stretches yields holes and antiholes at 800, 806, and 819 cm -1 (N 14 ) and 797.5, 804, and 818 cm -1 (N 15 ). The remaining band, 815 cm -1 , for both the N 14 and N 15 compounds does not shift on N substitution and does not change on irradiation and so is not a rock. This band either is the C-C stretch or belongs to a mode that mixes valence vibrations. Another possibility is that the band arises from a change in quantum number for a combination of other normal modes. Another obvious candidate is one of the C-O-D bends, but these have been assigned in many amino acids at about 1050 cm -1 for the in-plane motion and about 600 cm -1 for the out-of-plane motion. 9 To make certain that the band at 815 cm -1 is not due to the presence of some diglycine hydrochloride, we examined a deuterium-doped sample of this compound. As we have noted above, the preparation is straightforward and the solid-state structure well-characterized by X-rays. 15 Our spectra of the undeuterated compound agrees with that of previous workers. 6 The deuterium-doped sample did not show a band at 815 cm -1 .
In Table 2 , we list various infrared bands of the NH 2 D + glycine hydrochloride and our assignments, but do not assign the 815 cm -1 band. We next consider the 950-1120 cm -1 region ( Figure 6 ) and the 1270-1410 cm -1 region (Figure 7) . Although bands appear in the difference between the deuterated and the nondeuterated compounds, these differences are small and overlap with large non-deuterium-affected bands. There are more than three or four holes and antiholes (Table 2) in each region. It is difficult to associate these uniquely to the different N-D positions, but we assign the bands that show the most pronounced antiholes to the N-D in position 3 (the weak hydrogen bond position) ( Tables 1 and 2 ). It has been suggested a number of times that the NH 3 + or ND 3 + rock interacts with a combination of the C-N stretch, C-C stretch, and CH 2 rock. 10, 7 Since the N-D contribution to the bands arising from such a mixture of valence motions will change with the orientation of the NH 2 D + group, each of these bands will be affected by the hole burning. The bands in the 950-1120 cm -1 region, we suggest, are such combinations with a predominant contribution from the CH 2 rock or the HND deformation of the NH 2 D + . Similarly, the bands in the 1270-1410 cm -1 region are another combination with a predominant contribution from one of the HNH deformations of the NH 2 D + .
Summary
Hole burning of the N-D stretching bands of the NH 2 D + in the crystalline samples results in reorienting the amino groups. This changes the spectrum of the amino-group vibrations. The infrared bands associated with the amino group are identified by three methods: H/D isotope shifts, N 14 /N 15 shifts, and hole burning. The amino vibrations should shift with both isotope substitutions and should form holes or antiholes on irradiating the stretches.
There are more bands that meet these criteria than there are simple valence motions (bands and stretches) of the amino group. Each valence motion can give rise to three bands, one for each orientation of the NH 2 D + . If the N-D motions mix with the displacements of other atoms in forming the normal modes, a large number of vibrations could show the isotope shifts and could hole-burn. This is the most likely reason for the many bands listed in Table 2 . Other possibilities include the appearance of combination bands and the existence of Fermi resonances.
The long irradiation times required to produce detectable holes and antiholes resulted in orientations of NH 2 D + close to a steady-state distribution. This is most easily seen by noticing that the results of the long (12 h) broad-band-light irradiations were close to those with the laser (Figures 1-4) . The preferred orientation of the NH 2 D + under these circumstances is that with the N-D in the position with the highest stretching frequencysthe position with the lowest zero-point energy. The many holes and antiholes contain much information we have not yet been able to take advantage of. What is missing are detailed assignments, which might be obtained by very extensive calculations that include the effects of hydrogen bonding.
